ABSTRACT This paper presents a novel chattering free sliding mode control method for a class of nonlinear systems in the presence of matched disturbance and mismatched disturbance based on an extended state observer. First, a nonlinear extended state observer based on the hyperbolic tangent function is constructed to estimate the mismatched disturbance. And the second order extended state observer error system is proved to be bounded stable by using Lyapunov stability theory. Then a novel chattering free sliding mode surface integrated with the disturbance estimation is designed for this system even with mismatched disturbance. The theoretical analysis indicates that the system states can be stabilized to a neighborhood of the equilibrium point under the proposed controller. Compared with the traditional chattering free sliding mode control method, the presented control strategy can expose satisfactory control performance with chattering reduction and mismatched disturbance suppression. Finally, simulation results demonstrate the effectiveness of the proposed method.
I. INTRODUCTION
Sliding mode control (SMC), as one of the effective nonlinear control methods for systems affected by disturbances and uncertainties, has attracted extensive concerns on account of its rapid global convergence, simple structure and high robustness to disturbances and uncertainties, see [1] - [4] and the references therein. In virtue of these advantages, SMC has been widely employed in many industrial applications, such as mechanical, chemical, etc. However, in the traditional SMC the chattering phenomenon is unavoidable, which is mainly derived from the discontinuous function in control law and can seriously impact the system performance. Besides the chattering problem, the conventional SMC is just not sensitive to matched disturbance, that means the disturbance and the control input act on exactly the same channel, but sensitive to the mismatched disturbance [5] .
In order to weaken the influence of chattering, a number of methods have been investigated. For example, one approach is to use the continuous saturation function or sigmoid function to approximate the discontinuous sign function in controller [6] , [7] . But this approach will produce large steady state error because of the boundary layer around the sliding mode surface. Another method is to use disturbance observer [8] to estimate the disturbance in system. After the disturbance is estimated by the disturbance observer and compensated in control input afterwards, the switching gain in SMC can be reduced to a very small value, so the chattering can be decreased to some extent [9] - [11] . Recently, in [12] a full-order sliding mode surface is established, and the discontinuous symbolic function is embedded in the derivative of the control input [13] , [14] , so a smooth control law can be exploited to acquire the chattering free sliding mode control strategy.
How to attenuate the mismatched disturbance is yet a serious problem to be solved in the previous references [6] - [14] . The mismatched disturbance exists in many practical systems [15] . For example, the continuous casting mold oscillatory system driven by servo motor is affected by the mechanical zero deviation of the eccentric shaft, which appears in a different way with the control input [16] . Nonlinear disturbance observer [17] and extended state observer (ESO) [18] are used to estimate the mismatched disturbance, then an original sliding mode surface integrated with disturbance estimation is proposed to guarantee the performance of the system [19] , [20] . The SMC method given in [19] and [20] could not only attenuate the mismatched disturbance but also can alleviate the chattering problem in traditional SMC. The results in [19] have been extended to control the general nth order systems with matched and mismatched disturbances [21] . However, it should be noticed that in [19] - [21] the derivative of the mismatched disturbance is assumed to be equal to zero in the steady state, which means that the mismatched disturbance must be constant. This rigorous assumption is relaxed in this paper.
Inspired by prior works, chattering free SMC based on ESO is proposed for a class of nonlinear systems with matched and mismatched disturbances in this paper. Firstly, nonlinear ESO with hyperbolic tangent function is brought in to estimate the mismatched disturbance, and it is noticed that the mismatched disturbance is only assumed to have bounded derivative. Then, a novel chattering free sliding mode surface is given integrated with the disturbance estimation, which is not only insensitive to matched disturbance but also insensitive to mismatched one. Finally, simulation results verify that the presented control method can expose satisfying control performance.
II. PROBLEM STATEMENT
Consider a second-order nonlinear system in the presence of matched and mismatched disturbances as follows:
where
T is the state of the system, f (x, t) and g(x, t) = 0 are two smooth nonlinear functions of x, u represents the control input, the disturbance d 1 (t) is the mismatched disturbance, which appears in a different channel from the control input, and d 2 (t) is the matched disturbance. Assumption 1: The matched and mismatched disturbances d i (t), i = 1, 2 and their derivatives are bounded:
where τ i > 0, ρ i > 0 are constants. In assumption 1, we only assume the boundedness of the matched and mismatched disturbances and their derivatives, and the rigorous assumption lim t→∞ḋi = 0 in [19] - [21] is removed.
The objective of this paper is to design chattering free SMC based on ESO in order to force the state of system (1) to the equilibrium point in the attendance of matched and mismatched disturbances.
For system (1), the chattering free linear sliding mode surface and controller are devised as follows [12] :
where c i , i = 1, 2 are constants and can be selected to guarantee that the polynomial p 2 + c 2 p + c 1 is Hurwitz; η is a positive constant; T ≥ 0 and k T are selected such that
Combining system (1) and sliding mode surface (3), yields
Substituting the control law (4) and (5) into (8), we have
Noticing (6), (7), the derivative of (9) along system (1) can be calculated as followṡ
Choosing a candidate Lyapunov function as V = s 2 2 and noticing (10), then the derivative of V iṡ
which means that the system states will reach the sliding mode surface s = 0 in finite time. When the defined sliding mode surface is established, from system (1) and sliding mode surface (3), one can get
Remark 1: If the mismatched disturbance d 1 (t) does not exist, from (12), we can get that the system states will converge to the desired equilibrium point follow the sliding mode surface in finite time [12] , that is to say the chattering free sliding mode control strategy is insensitive to matched disturbance. When there exist the mismatched disturbance, the following relationship can be obtained from (12):
Equation (13) implies that although the control strategy can compel the system states to arrive the sliding mode surface in a finite time, the system state x 1 is still influenced by the mismatched disturbance. This is the fundamental reason why the chattering free sliding control strategy in [12] is just insensitive to matched disturbance but susceptible to mismatched disturbance.
Inspired by [19] , an extended state observer is used to estimate the mismatched disturbance in system (1), then we define a novel chattering free sliding mode surface integrated with the disturbance estimation for system (1).
III. MAIN RESULTS
In this section, a novel chattering free sliding mode controller integrated with ESO is employed for system (1). Firstly, a nonlinear ESO based on hyperbolic tangent function is proposed to estimate the mismatched disturbance in (1) , and the convergence analysis of the ESO is given. Then, a novel chattering free sliding mode control law is developed. The block diagram of the presented ESO-based chattering free SMC is given in Fig. 1 . 
A. EXTENDED STATE OBSERVER DESIGN
A nonlinear extended state observer based on hyperbolic tangent function is introduced to estimate the mismatched disturbance d 1 (t) in system (1).
where design parameters a i > 0, i = 1, 2, and b > 0. Z 1 is the estimation of x 1 and Z 2 is the estimation of the mismatched disturbance d 1 (t), tanh is the hyperbolic tangent function defined as:
Lemma 1: For system (1) and the nonlinear extended state observer designed as (14) , the estimation error of the mismatched disturbance is bounded.
Proof: Define estimation errors e 1 = Z 1 − x 1 , e d = d 1 − Z 2 and transformations ξ 1 = e 1 , ξ 2 = −e d − a 1 e 1 . Considering system (1) and extended state observer (14), we have (16) where ω 1 =ḋ 1 (t). A Lyapunov function candidate can be chosen as
Taking the derivative of V ξ along (16), yieldṡ
According to (18) and Assumption 1, we havė
From (19) , one can found that when |ξ 2 | ≤
, theṅ V ξ < 0, that is system (16) is stable. When system (16) enter into steady state, we havė
Noticing that the hyperbolic tangent function is monotone increasing, so from (20), we can get
So
According to (23), the disturbance estimation error e d is upper bounded. This completes the proof.
B. CHATTERING FREE SLIDING MODE CONTROL DESIGN INTEGRATED WITH EXTENDED STATE OBSERVER
A novel chattering free sliding mode surface for system (1) integrated with ESO is designed as
Theorem 1: For system (1), if the sliding mode surface is selected as (24) and the sliding mode controller is designed as
where u n is defined identical to (6) . Then system (1) will reach s = 0 in a finite time and the system states can be stabilized to a neighborhood of the equilibrium point. Proof: Combining system (1), sliding mode surface (24) and controller (25) yields
Consider a candidate Lyapunov function as V (s) = 1 2 s 2 , taking the derivative of V (s), yieldṡ
From (28), we can find that the system states will arrive the sliding mode surface s = 0 in a finite time. When the condition s = 0 is satisfied, it means that
Equation (29) can also be expressed as
From Lemma 1, we know that the estimation error e d is bounded, then it can be derived from (30) that the system state can be stabilized to a neighborhood of the equilibrium point [19] . This completes the proof.
Remark 2: From (13), the transfer function from mismatched disturbance d 1 (t) to system state x 1 (t) can be calculated as
Noticed that constants c i , i = 1, 2 are selected to ensure the polynomial p 2 + c 2 p + c 1 is Hurwitz, that is the transfer function G 1 (s) is stable. As described in Remark 1, if d 1 (t) = 0, system state x 1 (t) can be convergent to the desired equilibrium point follow the sliding mode surface in a finite time. By the final value theorem, noticing Assumption 1 and (31), we can get
Let G 2 (s) denotes the transfer function from estimation error e d to system state x 1 (t), that is
So a similar result can be obtained from (30) and (33)
where e d max is the maximum value of the estimation error. Since the mismatched disturbance have been precisely estimated by the ESO (14) , the amplitude of the estimation error e d is much smaller than the amplitude of the mismatched disturbance d 1 . Thus the effect of the mismatched disturbance can be alleviated to some extent in this case, which will be shown in the latter simulation.
Remark 3:
The results obtained in this paper for a second order system can be extended to the nth-order system depicted by The mismatched disturbances d i (t), i = 1, · · · , n − 1 in system (35) can be estimated by
where design parameters a ij > 0, j = 1, 2, and
For system (35), the chattering free sliding mode surface integrated with ESO is designed as
with c i > 0 should be selected such that the polynomial λ n + c n λ n−1 + · · · + c 2 λ + c 1 is Hurwitz.
IV. SIMULATIONS
In order to show the effectiveness of the presented control method in this paper, the following nonlinear system is considered for simulation.
In this simulation, the initial states of the system are selected as x(0) = [1, −1] T . Mismatched disturbance d 1 (t) = 0.3x 1 cos(2t)+0.3(1−e −t ) and matched disturbance d 2 (t) = sin(2t) are applied. System (38) is derived from [19] , however, it should be noted that in this paper the matched disturbance and more complex mismatched disturbance are considered. The assumption on mismatched disturbance in [19] lim t→∞ḋ1 (t) = 0 is relaxed. That is, the control in [19] could not deal with this type of mismatched disturbance.
For comparison, the chattering free sliding mode control method in [12] , denoted by SMC, and the proposed method in this paper, denoted by SMC ESO, are employed. The control parameters are particularly chosen as the same as c 1 = 6, c 2 = 5, T = 0.1, and ρ 2 + k T + η = 10 for the both control methods, the parameters of ESO are selected as a 1 = 50, a 2 = 7, b = 50. From Fig. 4 , we can see that the presented control method in this paper and the chattering free SMC method both can provide smooth control efforts. Figs. 2 and 3 indicate the chattering free SMC method can not force the system states to reach the desired equilibrium, that is to say the chattering free SMC method is vulnerable to mismatched disturbance. But the presented control method can repress the mismatched disturbance especially and can get satisfactory control performance.
Figs. 5 and 6 show the estimate of the mismatched disturbance and the estimation error. It can be seen that the presented nonlinear ESO can provide good performance in estimating the mismatched disturbance.
V. CONCLUSIONS
A novel chattering free SMC integrated with ESO is proposed in this paper for a class of nonlinear systems with matched and mismatched disturbances. As compared with the chattering free SMC method, the presented control method has better ability to suppress mismatched disturbance with chattering reduction. Finally, simulation results show the effectiveness of the presented control method. His research interests include automation technology and application of continuous casting and steel rolling, modeling and controlling of complex system, adaptive robust control theory, and application. VOLUME 6, 2018 
